Frum /Viljoen
Skin Pharmacol Physiol 2006; 19:329-335 330 the immune response, increases oxidant production, and can lead to further tissue damage.
5-Lipoxygenase is innately involved in the inflammatory cascade. Cell injury results in the liberation of phospholipids from the surrounding plasma membrane. Phospholipids undergo conversion to arachidonic acid under the action of phospholipase A 2 . Arachidonic acid can be converted, under the action of 5-lipoxygenase, to leukotrienes, and these include, amongst others, LTC 4 , LTD 4 , and LTE 4. Furthermore, arachidonic acid can be converted to prostaglandins.
In this study, medicinal plants were subjected to 5-lipoxygenase and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays to assess their anti-inflammatory activity as well as their anti-oxidant activity, respectively. It has been postulated that 5-lipoxygenase could be sensitive to anti-oxidants because of its non-heme iron atom in the active site [8, 9] . Many 5-lipoxygenase inhibitors act as non-selective anti-oxidants by reducing the active-site ferric iron. Furthermore, the close association between inflammation and oxidation means that anti-oxidant compounds could potentially reduce other pro-inflammatory mediators.
Recently, the review article by Schneider and Bucar [8] provided a comprehensive description of 5-lipoxygenase inhibitors derived from medicinal plants. Many reports described the 5-lipoxygenase inhibitory activities of medicinal plants. However, the vast proportion of these reports deal with isolated compounds such as acetyl-11-keto-␤ -boswellic acid, medicarpin, and nigellone D [10] [11] [12] . In addition, the vast majority of studies investigating the potential 5-lipoxygenase inhibitory activity of medicinal plants utilize 'whole-cell' systems such as polymorphonuclear cells and leucocytes without tandem toxicity studies [8] . As a consequence, such positive results could simply indicate toxicity to 'whole-cell' systems which can manifest as 5-lipoxygenase inhibition. This invariably confounds the results obtained. Consequently, the usage of isolated 5-lipoxygenase could provide more credible data.
To the best of our knowledge, very few studies have been undertaken to identify medicinal plants used in dermatological pathologies as effective DPPH free radical scavengers. Furthermore, the DPPH free radical is stable and as such allows easy handling and manipulation. Moreover, optimistic expectations of dermal and transdermal drug delivery (TDD) were often thwarted by many pitfalls inherent to this science. Most notably, the outermost nonviable layer of the epidermis, the stratum corneum, has proved particularly resistant to TDD due to its lipid bilayer architectural design [13, 14] . As a result, this places a major limitation on the physicochemical profile displayed by compounds which qualify as candidates for TDD. Active constituents of medicinal plants which are used as curative agents for skin pathologies can be assumed to reach intended sites in the skin organ. This could provide an alternative and novel approach to optimizing drug candidates for TDD rather than reformulating drugs for topical use which have been classically used via the oral route. These considerations prompted the investigation of the dichotomy or correlation of 5-lipoxygenase inhibitors and anti-oxidants within the context of medicinal plants.
Materials and Methods

Plant Collection
Plants were collected from various natural localities or were obtained from the Walter Sisulu Botanical Garden ( table 1 ) . Voucher specimens are housed in the Department of Pharmacy and Pharmacology, University of the Witwatersrand. Only plant parts which were reported in the literature [1] [2] [3] to be used for skin ailments were collected. Plants were air-dried for 3 days at room temperature and stored in the dark. Thereafter, approximately 5 g of plant material was macerated using an electrical grinder. Methanol and aqueous solvents were used for extraction procedures. Aqueous solvents are usually used in rural settings, while volatile solvents allow for easy manipulation. Furthermore, methanol and aqueous solvents display similar polarity indices. This results in the use of methanol in many studies, but invariably confounds the results obtained. Also, the mode of application of medicinal plants in rural settings can sometimes be direct without further extraction procedures, but this is not feasible for in vitro biological tests. Cold extraction took place for 8 h in the dark by submerging the appropriate plant material in the relevant solvent. The supernatant was then filtered, and the residue was re-extracted with the same solvent for an additional 8 h. Methanol extracts were placed in a fume chamber to dry, and aqueous extracts were lyophilized in a freeze drier (Virtis) for 48 h. Three of the selected plants (Leonotis leonurus , Ballota africana , and Lippia javanica) are aromatic, and the essential oils were obtained by hydrodistillation for 3 h using a Clevenger apparatus.
5-Lipoxygenase Assay
Possible inhibition of the 5-lipoxygenase activity was determined using the method developed by Sircar et al. [15] and modified by Evans [16] . All concentrations refer to final concentrations in 3-ml cuvettes maintained at 25 ° C in a thermostated bath. The standard assay mixture contained 10 l of plant extract dissolved in DMSO (Saarchem) and Tween 20 (Merck), 0.1 M potassium phosphate buffer (pH 6.3; 2.95 ml) prepared with analytical-grade reagents, and 100 M linoleic acid ( 6 99%; Fluka). The reaction was initiated with the addition of 100 U isolated 5-lipoxygenase (Cayman Chemical) diluted with an equal volume of potassium phosphate buffer and maintained at 4 ° C. The increase in absorbance at 234 nm was recorded for 10 min with a single-beam spectrophotometer (AnalytikJena Specord 40) linked to a PC by Winaspect software. Increasing amounts of extract were added, and f DPPH antioxidant activity, values are mean 8 SEM (n = 3). The in vitro activities of medicinal plant extracts were compared to NDGA and vitamin C, and an arbitrary scale of the relative in vitro activity was defined as follows [17] : ++++ = IC 50 < 10 ppm; +++ = 10 ppm ^ IC 50 < 30 ppm; ++ = 30 ppm ^ IC 50 < 50 ppm; + = 50 ppm ^ IC 50 < 100 ppm. the initial reaction rate was determined from the slope of the straight-line portion of the curve. The percentage inhibition of enzyme activity was calculated by comparison with the negative control (DMSO and Tween 20). Nordihydroguaiaretic acid (NDGA) from Cayman Chemical represented the positive control, and an arbitrary scale of the relative in vitro activity was defined according to the literature [17] ( table 1 ) . The percentage enzyme activity was plotted against the concentration of plant extract. The concentration of plant extract that caused 50% enzyme inhibition (IC 50 ) was determined using Enzfitter version 1.05 software.
DPPH Anti-Oxidant Assay
The anti-oxidant activity of each extract was determined based on the colorimetric method described by Shimada et al. [18] to test for DPPH radical-scavenging activity. A 96-well microtitre plate was used to generate a quantitative measure of radical-scavenging activities of extracts. All concentrations refer to final concentrations in each well. The reaction mixture contained 50 l extract dissolved in DMSO and 200 l DPPH (0.077 mmol ؒ l -1 ; Fluka) dissolved in HPLC grade methanol (Ultrafine Chemicals and Research). Reaction mixtures for negative controls contained aqueous, methanol, or essential oil extracts dissolved in DMSO and methanol without DPPH. Each extract was tested at an initial concentration of 100 ppm. The plate was shaken for 2 min and stored in the dark for an additional 30 min. The percentage decolourization was obtained spectrophotometrically at 550 nm using a Labsystems Multiskan RC microtitre plate reader. Each assay was performed in triplicate. Extracts which displayed promising activity ( 6 50% decolourization at 100 ppm) were retested at lower concentrations using serial dilutions. Analytic-grade ascorbic acid constituted the positive control, and an arbitrary scale of relative in vitro activity was defined ( table 1 ). A maximum concentration of 100 ppm was chosen, because the limitations of TDD imply the usage of concentrated topical formulations which could lead to toxicity problems during prospective scale-up studies. The concentration of the extract that caused 50% decolourization (IC 50 ) was determined using Enzfitter version 1.05 software.
Results
Medicinal plants which displayed 5-lipoxygenase inhibitory activity and their corresponding IC 50 values are shown in table 1 . The vast majority of medicinal plants did not exhibit 5-lipoxygenase inhibitory activity. Only seven extracts exhibited dose-dependent 5-lipoxygenase inhibitory activity, with the aqueous extract of Melianthus comosus displaying the most potent activity with an IC 50 value of 13.84 ppm, while NDGA, which represented the positive control, had a reported IC 50 value of 5 ppm [19] [20] [21] . The essential oil of B. africana displayed 5-lipoxygenase inhibitory activity with an IC 50 value of 29.99 ppm. However, the essential oils of both L. leonurus and L. javanica displayed no activity at a concentration of 100 ppm.
The vast proportion of medicinal plants tested displayed dose-dependent DPPH anti-oxidant activity, while essential oils displayed no activity at a concentration of 100 ppm ( table 1 ). The methanol extract of the leaves of Aloe ferox and the leaf exudate displayed equipotent antioxidant activity. Further investigation is warranted to determine whether the anti-oxidant activity is restricted to gel mass, exudates, or another leaf section of A. ferox . The methanol extracts of the leaves and roots of Halleria lucida displayed a similar anti-oxidant activity, indicating comparable biological activities between aerial and subterranean plant parts. Methanol extracts were generally more active than aqueous extracts as anti-oxidant agents. The only two exceptions were the aqueous extract of the leaves of L. leonurus which was more potent than the corresponding methanol extract and the methanol and aqueous extracts of the leaves of M. comosus which displayed similar anti-oxidant activity. It is also interesting to note that the methanol extract of the leaves of H. lucida displayed more potent anti-oxidant activity than the methanol extract of the roots of Harpagophytum procumbens, but H. procumbens displayed superior efficacy as compared with H. lucida ( fig. 1 ). 
Discussion
Many of our results compare well and even display superior DPPH free radical scavenging activity with regard to crude plant extracts used for dermatological pathologies [22, 23] . The promising 5-lipoxygenase inhibitory activity displayed by the aqueous extract of M. comosus prompted further investigation of the ethnobotanical literature relating to this medicinal plant. Little appears to be known about the wound-healing properties of M. comosus . However, it has been reported that the leaves and roots of M. comosus contain triterpenoid molecules [2] . Triterpenoid molecules have been shown to display antiinflammatory activity [24] . The comparatively low IC 50 value of the aqueous extract of M. comosus as compared with the positive control is encouraging and warrants further investigation.
Croton sylvaticus contains diterpenoids such as crotonin and crotofoline A [2] . Although diterpenoids have been reported to be anti-inflammatory by inhibiting both 5-lipoxygenase and cyclo-oxygenase, it remains to be determined whether crotonin and crotofoline A are responsible for this activity in our assay [25] . Furthermore, it has been reported that the diterpenoids present in C. sylvaticus cause irritation to the skin.
Little appears to be known about the chemical compounds of Pentanisia prunelloides, but its anti-inflammatory activity pertaining to cyclo-oxygenase-1 has been reported [26] . Both roots and leaves of P. prunelloides inhibit cyclo-oxygenase-1, displaying equipotent and relatively high activities. It is interesting to note that C. sylvaticus , M. comosus and P. prunelloides are all traditionally used for rheumatism which is characterized by an exaggerated inflammatory response. Furthermore, the traditional Zulu name for P. prunelloides is 'Icishamlilo' which literally means 'the extinguisher of the fire' and refers to the fact that it is used in traditional medicine for pain control [27] . Inflammatory mediators such as prostaglandins often play a role in mediating pain.
The leaves of Warburgia salutaris are used for skin diseases, but in practice the bark is also used. Zschocke et al. [28] reported that the thin-layer chromatography fingerprints of leaf and bark extracts of W. salutaris were very similar. Furthermore, leaves and bark of W. salutaris displayed equipotent activity against cyclo-oxygenase-1 and also displayed similar antibacterial activities. These results are indicative of similar molecular profiles in leaves and roots of W. salutaris . Muzigadial, a sesquiterpenoid, has been isolated from the bark of W. salutaris, and, therefore, there is a possibility that it is present in the leaves [29] . Although the antibacterial properties of muzigadial have been reported, sesquiterpenoids have in the past been reported to display anti-inflammatory activity, and this could explain the anti-inflammatory action of the leaves of W. salutaris [17] . Warburganal is another sesquiterpenoid isolated from the bark of W. salutaris, and further studies are warranted to determine its anti-inflammatory activity, while the sesquiterpenoid polygodial has already been reported to display anti-inflammatory activity [30] . The common name of W. salutaris is fever tree, and a close association between fever and inflammation exists.
The 5-lipoxygenase inhibitory activity displayed by the essential oil of B. africana is encouraging and indicates the potential for isolation of anti-inflammatory compounds through various reductionist approaches. Essential oils have been reported to display anti-inflammatory activity, while essential oil constituents, such as terpenic hydrocarbons, sesquiterpenic hydrocarbons, and sesquiterpenic alcohols, have been reported to display 5-lipoxygenase inhibitory activity [17, 31] .
The low DPPH-scavenging activity of essential oils could be due to a low polyphenolic content. The anti-oxidant activity displayed by the methanol extract and leaf exudates of A. ferox could be due to polyphenolic compounds such as aloeresins (e.g., aloeresin H) [32] . It is interesting to note that an anti-inflammatory C-glucosyl chromone was isolated from Aloe barbadensis , yet in our assay, A. ferox, also rich in chromone derivatives, exhibited no anti-inflammatory activity [33] .
The leaves of H. lucida have been reported to contain hallerone and cyclohexenone as major compounds [34] . Given the low IC 50 value of 8.49 ppm, it is likely that these compounds contribute to the reported anti-oxidant activity, but this needs to be verified. In addition, it was of interest to note the comparable anti-oxidant activities between leaves and roots of H. lucida . It would be worthwhile to determine the difference, if any, in anti-oxidant activity between aerial and subterranean parts in other plants.
Methanol extracts were generally more active than aqueous extracts as anti-oxidant agents. This could possibly be due to a higher concentration of tannins in the methanol extracts as compared with the aqueous extracts. It is also of interest to note that all aqueous and methanol extracts which displayed 5-lipoxygenase inhibitory activity also displayed relatively strong anti-oxidant activity. Furthermore, the aqueous extract of the leaves of M. comosus, which exhibited the most superior 5-lipoxygenase inhibitory activity, also displayed the most superior antioxidant activity.
The poor correlation in activity between aqueous and methanol extracts of the same plant testifies to the limitations of utilizing solvents which are not used in rural settings. This invariably confounds the results obtained in many phytochemical studies, as aqueous extracts often underestimate their methanol counterparts in terms of biological activity.
Molecular structure elucidation of 5-lipoxygenase has yielded valuable information about the mechanism of action of this pro-inflammatory enzyme. For maximum activity to take place, it is necessary that the enzyme be converted from an inactive reduced state to an active oxidized state [9] . The active 5-lipoxygenase undergoes recycling via formation of pentadienyl free radical, hydropyroxy radical, and oxygen atom insertions at different positions of the carbon chain of arachidonic acid. Anti-oxidants and free radical scavengers could, therefore, potentially reduce all three radicals mentioned and thus terminate synthesis of leukotrienes. From this explanation, it becomes evident that free radical scavengers and anti-oxidants should theoretically be able to act as 5-lipoxygenase inhibitors, and the lack of correlation between the two is surprising. The potential of an active compound to act as a 5-lipoxygenase inhibitor depends on its flexibility to access the iron entity of the enzyme as well as the flexibility of the enzymatic cavity to accept the approach of such a compound [35] . Flexibility, in turn, implies small deviations in energy levels between different conformations of the same molecule. Clearly, further bioassay-guided fractionation could identify compounds which satisfy these criteria and ultimately lead to the synthesis of compounds with dual 5-lipoxygenase and antioxidant activities.
Conclusions
From the overall results of the 5-lipoxygenase anti-inflammatory assay and the DPPH anti-oxidant assay, it may be concluded that there is scientific evidence for the traditional use of these medicinal plants for skin diseases. Furthermore, a dichotomy appears to exist between the 5-lipoxygenase inhibitory activity and the anti-oxidant activity of medicinal plants. Medicinal plants used to treat skin pathologies can generally be regarded as anti-oxidant in nature, while the 5-lipoxygenase inhibitory activity is by and large nominal. It should be noted that the inflammatory cascade is extremely complex and diverse. Therefore, a medicinal plant which does not exhibit 5-lipoxygenase inhibitory activity might potentially exert a pharmacological effect on a number of other targets which are involved in innate or acquired immunity such as cyclo-oxygenase. Further studies are required to establish the structure of the active anti-inflammatory and anti-oxidant molecules. Furthermore, structured in vivo experiments could firmly establish the therapeutic relevance of these medicinal plants as dermatological agents, as such investigations provide an accurate description of the pharmacological and pharmacokinetic disposition of viable chemical compounds. Investigations on this effect are currently under way.
